Although a popular choice for obtaining high-resolution solid-state NMR spectra of quadrupolar nuclei, the inherently low sensitivity of the multiple-quantum magic-angle spinning (MQMAS) experiment has limited its application for nuclei with low receptivity or when the available sample volume is limited. A number of methods have been introduced in the literature to attempt to address this problem. Recently, we have introduced an alternative, automated approach, based on numerical simulations, for generating amplitude-modulated pulses (termed FAM-N pulses) to enhance the efficiency of the triple-to single-quantum conversion step within MQMAS. This results in efficient pulses that can be used without experimental reoptimisation, ensuring that this method is particularly suitable for challenging nuclei and systems. In this work, we investigate the applicability of FAM-N pulses to a wider variety of systems, and their robustness under more challenging experimental conditions. These include experiments performed under fast MAS, nuclei with higher spin quantum numbers, samples with multiple distinct sites, low-γ nuclei and nuclei subject to large quadrupolar interactions.
Introduction
Many of the nuclei of interest in inorganic chemistry, mineralogy and materials science, and~75% of the magnetically-active nuclides in the Periodic Table, are quadrupolar, i.e., possess a nuclear spin quantum number I > 1/2 [1] [2] [3] . In addition to the anisotropic broadening this produces, many of these nuclei also have low γ, low natural abundance or low chemical abundance in the system under study, resulting in considerable experimental challenges. Unlike their spin I=1/2 counterparts, magic-angle spinning (MAS), i.e., rapid rotation of the sample around an axis inclined at 54.736°to the external magnetic field, B 0 , is not able to completely remove the anisotropic broadening and produce high-resolution spectra for quadrupolar nuclei, no matter how rapid the sample rotation [1] [2] [3] . A number of approaches have been taken to enable the removal of the second-order quadrupolar broadening, including the composite sample spinning techniques, dynamic angle spinning (DAS) [3, 4] and double rotation (DOR) [3, 5] . However, the requirement for dedicated hardware has limited the wider applicability and popularity of these techniques. In contrast, the multiple-quantum (MQ) MAS experiment, introduced by Frydman and Harwood in 1995 [3, 6] , enables high-resolution NMR spectra for quadrupolar nuclei to be obtained using only conventional hardware. This two-dimensional experiment (performed under MAS conditions) involves the correlation of multiple-quantum coherences (typically triple-quantum coherences, i.e., m I =+3/2↔m I =-3/2) in t 1 with the central transition (CT), i.e., m I =+1/2↔m I =-1/2, in t 2 , exploiting the similarity in form, but not in the magnitude, of the quadrupolar broadening of the two transitions. A number of different experimental approaches have been suggested, with early effort focussed on the acquisition of purely-absorptive lineshapes [7] [8] [9] [10] . MQMAS has gained widespread popularity and has been applied to a variety of materials.
The main drawback of MQMAS is its poor sensitivity, which results from the inefficient excitation and conversion of triple-quantum coherences, a process that is forbidden by the conventional quantum selection rules, but becomes allowed in the presence of a significant quadrupolar interaction. There have been a number of investigations into the optimum pulse durations for multiple-quantum filtration, and how these are affected by a variety of experimental conditions [7, [11] [12] [13] . The efficiency of this filtration increases with the radiofrequency (rf) field strength of the pulses; however, this is also limited for low-γ nuclei [13] . In an attempt to overcome the problems with sensitivity, Gan introduced the satellite-transition (ST) MAS experiment [14] ; conceptually similar to MQMAS, but involving the correlation of purely single-quantum satellite (i.e., m I = ± 1/2↔m I = ± 3/2) transitions with the central transition. Despite its significant sensitivity advantage, STMAS is more challenging to implement, requiring a very accurate setting of the rotation axis and a very stable spinning rate [14, 15] . Consequently, this experiment has not matched the popularity of MQMAS, but has successfully been exploited for systems or nuclei with low sensitivity or to detect the presence of μs-timescale dynamics [16] [17] [18] . As a result, there has been considerable attention focussed on improving the sensitivity of the MQMAS experiment, with most research focussed on developing and improving the conversion pulse, i.e., the pulse that converts triple-quantum to central-transition coherences [8] [9] [10] . Approaches considered include SPAM (soft-pulse added mixing) [19, 20] , DFS (double frequency sweep) [21] , FAM (fast amplitude modulation) [22] [23] [24] and HS (hyperbolic secant) pulses [25] , which have been compared and contrasted in a range of studies [19] [20] [21] [22] [23] [24] [25] [26] [27] . Some work has also attempted to improve either the efficiency of the excitation pulse or its ability to uniformly excite a powder lineshape. These include RIACT (rotor-induced adiabatic coherence transfer) [28] , FASTER (fast spinning gives transfer enhancement at rotary resonance) [29] , SFAM (shifted fast-amplitude modulation) [30] and optimal control theory [31] . In addition, MQMAS experiments can be combined with CPMG (Carr-Purcell-Meiboom-Gill) pulse trains for further sensitivity gains [32] [33] [34] . Although combination of MQMAS with cross polarisation (CP) has been demonstrated, this is typically used for spectral editing as signal enhancements are rarely obtained using CP for quadrupolar nuclei, owing to the more complex spin dynamics involved [35, 36] .
The FAM and DFS approaches are perhaps those most commonly employed for sensitivity enhancement of MQMAS experiments, owing to their relative ease of implementation and the signal improvements they produce. DFS comprises the application of a modulated rf pulse, where the frequency is swept during a time τ p [21] . The aim of such a pulse is to saturate or invert the satellite transitions, thereby transferring triple-to single-quantum coherences. In reality, both processes probably occur depending on the crystallite orientation, the magnitude of the quadrupolar interaction (C Q ) and the MAS rate (ν R ). FAM pulses aim to execute similar coherence transfers to DFS but use a series of rectangular pulses (thereby being easier to implement on earlier software). A number of different types of FAM pulses are available, and both "windowed" and "windowless" versions have been used [8] [9] [10] [22] [23] [24] . FAM-I pulses consist of repeating blocks of uniform pulses (and intervals) and experimental optimisation requires the pulse/ interval duration and the number of repeat blocks to be varied. In FAM-II the pulses used vary in duration (typically decreasing as the number of pulses increases). Optimisation of FAM-II-type pulses is typically carried out experimentally, by considering the duration of each pulse sequentially. The experimental optimisation of such composite pulses can be very challenging and time consuming, particularly when the sensitivity is low (i.e., for the very cases where such pulses are vital), and for FAM-II this either limits the number of pulses used practically, or requires some restriction where earlier pulses in the sequence are not re-optimised upon addition of subsequent pulses. Recently, we have demonstrated the use of a fast and efficient automated optimisation procedure that enables the optimum number and duration of the components of a FAM pulse to be determined using numerical simulation software, producing a so-called "FAM-N" pulse, i.e., a pulse with N sequential but oppositely-phased components [37] . Unlike previous work [24, 38] , there is no constraint on the relative lengths or efficiencies of the individual pulses, and the last pulse in the sequence is reoptimised automatically when the next oppositelyphased pulse is added.
Previously, we have shown that FAM-N pulses can be generated easily and efficiently, produce good signal enhancements and typically can be used without experimental reoptimisation [37] . The pulses were shown to perform consistently, and significantly, better than singlepulse conversion and outperformed SPAM and FAM-I pulses for the model system studied. Signal enhancements were typically better than FAM-II (with the exception of cases where the optimisation procedure produced a FAM-N pulse with two components), and were similar to those achieved using DFS [37] . The best FAM-N enhancements were achieved when the pulses were generated with some prior knowledge of the experimental parameters (e.g., rf field strength or MAS rate) or those associated with the nucleus (e.g., C Q and asymmetry (η Q ) of the quadrupolar interaction), although it was shown that the pulses appear robust with respect to reasonable variation of the experimental parameters [37] . Therefore, even when the user has little prior knowledge of the system under study, reasonably good enhancements can be obtained through the use of an approximate value of C Q (e.g., estimated from, or at least limited by, the linewidth in the MAS spectrum). The pulses also resulted in good enhancements when they were applied with rf field strengths that varied by a few tens of kHz from those with which they were simulated [37] . Furthermore, it was shown that only a small improvement in efficiency was obtained if the FAM-N pulse generated was reoptimised experimentally, either by varying the total duration (i.e., scaling each of the components by the same proportion), varying the duration of one or more of the components or, perhaps more practically, by optimising the rf field strength with which it is applied. Most previous work was focused on a model system [37] , 87 Rb (I=3/2) NMR of RbNO 3 , a material with three distinct Rb species, but where the quadrupolar parameters are known and are also very similar to each other [39] . In this work, we extend the investigation to include the application of FAM-N pulses to nuclei with high spin quantum number, materials with multiple distinct (and very different) sites, nuclei with low γ or low abundance and nuclei subject to a significant quadrupolar interaction. We also investigate the efficiency and robustness of this approach for experiments carried out at fast MAS rates.
The aim is to demonstrate that this conceptually simple approach can be applied to "real" and challenging systems, where sensitivity enhancement is a necessity rather than just a welcome gain.
Experimental details
FAM-N pulses were generated using the high-throughput optimisation procedure, described in Ref. [37] , which calls the density matrix simulation program SIMPSON [40] from an in-house MATLAB [41] script. User-inputted parameters include the external magnetic field strength (B 0 ), the MAS rate (ν R ), the inherent radiofrequency nutation rate (ν 1 ) and the quadrupolar parameters (C Q =eQV zz /h and η Q =(V xx -V yy )/V zz )). The procedure optimises the transfer efficiency of a unit amount of symmetrical triple-quantum coherences (i.e., density matrix element {1, 4} for I=3/2 or {2, 5} for I=5/2, etc.,) to central-transition (CT) single-quantum coherences of the same sign (i.e., density matrix element {2, 3} for I=3/2 or {3, 4} for I=5/2, etc.,). The composite pulse produced can be written directly into the pulse program for a split-t 1 shifted-echo triple-quantum MQMAS experiment [42] (see Fig. 1 ) in place of the conversion pulse and, in this work, is used directly in the experiment without any reoptimisation. The optimisation procedure is shown schematically in Fig. 1c . The amount of CT single-quantum coherence generated is monitored as the duration of a high-power rf pulse is varied. The duration of the first pulse is fixed at that producing the maximum coherence transfer, and a second pulse is then applied with inverted phase. The duration of this pulse is incrementally varied. The duration of the first pulse is then increased and the variation of the second pulse is repeated. This procedure is carried out a number of times until additional increments decrease the maximum coherence transfer. At this point an additional pulse is added, again with inverted phase. This procedure is repeated, generating a series of pulses with opposite phase and varying duration. The optimisation procedure is terminated when adding the next pulse does not increase the maximum conversion efficiency.
Experimental NMR spectra were acquired using Bruker Avance III spectrometers equipped with 9.4 T (University of St Andrews, UK), 14. 23 Na, 25 Mg, 27 Al, 39 K, 45 Sc, 87 Rb and 93 Nb, respectively. Reference shifts were determined using secondary references of NaCl (s) at δ iso =7.9 ppm [43] , MgO (s) at δ iso =26 ppm [44] , Al(acac) 3 (s) at δ iso =0 ppm [45] , KBr (s) at δ iso =55.2 ppm [1] , LaScO 3 (s) at δ iso =162 ppm [46] , RbCl (s) at δ iso =128 ppm [1] , and LiNbO 3 (s) at δ iso =-1004 ppm [47] . Two-dimensional triple-quantum MAS experiments were recorded using a phase-modulated split-t 1 shifted-echo pulse sequence [42] , with selection of the +3→+1→-1 coherence transfer pathway, as shown in Fig. 1a , and varying the values of k, k' and k'' depending on the spin quantum number of the nucleus studied. The final pulse is a CT-selective inversion pulse. The indirect dimension is referenced according to the convention described in Ref. [48] .
Results and discussion

Applications to nuclei with high spin quantum number
It was shown in previous work [37] , both in experiment and in simulation, that for I=3/2 nuclei the efficiency of a FAM-N pulse (or indeed the FAM-II pulses on which they are based) depends primarily upon C Q and the available rf field strength. It was also demonstrated that variation of the asymmetry parameter, η Q , had a much less significant effect of the form of the optimum FAM-N pulse or on its efficiency. Fig. 2 plots the maximum amount of CT single-quantum coherence obtained in simulation from unit amount of symmetrical triple-quantum coherence as a function of C Q and ν 1 for spin I=3/2, 5/ 2, 7/2 and 9/2 nuclei. Note that for each set of C Q and ν 1 values the maximum efficiency of the optimum FAM-N conversion pulse is plotted (i.e., the exact form of the FAM-N pulses used will vary throughout the plot). To enable direct comparison between results for different spin quantum numbers, simulations have been performed for an identical range of ν Q PAS (=3C Q /4I(2I−1) in Hz) [2, 3] , resulting in different ranges of C Q values for different I. In all cases, the value of η Q was fixed at 0. It can be noted that the plots for the conventional, or single-pulse, conversion are consistent with those of Amoureux et al. [13] in previous work. For all spins the transfer efficiency increases as ν 1 increases, and as C Q decreases. (Note that a decrease in efficiency is expected as C Q tends to 0). The efficiency is effectively constant for a fixed ν Q PAS /ν 1 (or C Q /ν 1 ) ratio. In general, similar observations are found for FAM-N conversion pulses, with efficiency ultimately dropping as C Q increases. However, it is striking that there appears to be a set of conditions for which FAM-N pulses are most efficient, forming a "band" of high signal intensity in the contour plots in Fig. 2b, d , f and h. Optimum efficiency appears to be achieved when ν 1 ≈ν Q /6. The small variation in the simulated efficiency within this region can be attributed, at least partially, to computational accuracy, as the exact FAM-N pulses obtained depend, to some extent, on the number of points and tolerance conditions chosen for the FAM-N optimisations. In the regions of the plot corresponding to low C Q and high ν 1 the FAM-N efficiency is almost constant, with 0.4-0.5 units of CT coherence created. In this regime, the effect of the FAM-N pulse is similar to a saturation of the transitions, while for the region of higher signal intensity described above, the FAM-N pulse is closer to an inversion (for the majority of crystallites). Under conditions of high C Q and low ν 1 , the efficiency of the FAM-N pulse drops rapidly, although not as severely as that of the single-pulse conversion.
It is clear from Fig. 2 that highest triple-quantum to singlequantum conversion efficiency is not necessarily achieved with the highest rf field available for FAM-N. For example, for 87 Rb (I=3/2) with C Q =1 MHz, η Q =0, ν R =12.5 kHz and ν 1 =100 kHz, 0.669 units of CT coherence are created by an optimised FAM-N pulse. This drops to 0.571 when ν 1 =30 kHz, but also drops (to 0.597) when ν 1 =300 kHz. For information on the full density matrices see the Supporting Information. However, for most spin I=3/2 nuclei studied at moderate B 0 field strengths, experimentally available ν 1 values are typically 30-150 kHz and C Q values vary from 0 to 5 MHz. As a result, experimental conditions are such that the strongest rf field available will generally result in the greatest efficiency for FAM-N pulses. Fig. 2 also shows that the amount of CT coherence created after a FAM-N conversion pulse slightly decreases as I increases. This can be attributed to the creation of additional multiple-quantum coherences, e.g., symmetrical fivequantum coherence for spins I > 3/2). This can be easily seen by considering the evolution of all density matrix elements, as discussed in the Supporting Information. As I increases, the number of possible coherences that may be created by a pulse is increased, reducing the amount of desired symmetrical triple-quantum coherences obtained. A consideration of the full density matrix also explains why FAM-N has a high efficiency at low ν 1 for spin I=3/2 nuclei, but not for higher spin systems. Essentially FAM-N can be considered as a ST-selective pulse, which fundamentally has a different effect for I=3/2 nuclei where only one set (m I = ± 3/2↔m I = ± 1/2) of STs exist, whereas, for high spins, overlapping signals from multiple pairs of STs will be present. This means that a modulated pulse cannot be perfectly selective for the inner ST when I > 3/2, resulting in unwanted coherence transfer to, for example, five-quantum coherences. As longer modulated pulse trains produce undesired coherence transfer, the FAM-N optimisation pro- cedure generally results in a relatively low number of pulses when I > 3/2. However, for I=3/2 nuclei the modulated pulses only affect the single set of STs and much longer pulse trains produce more efficient conversion in simulation. It should be noted that, experimentally, these longer pulse trains may be subject to more relaxation processes, resulting not only in reduced performance but also in more significant discrepancies between experiment and simulation (see later).
Effect of MAS rate
It was previously established by Amoureux et al. [13] that, unlike the triple-quantum excitation pulse, the conversion pulse in MQMAS experiments is relatively unaffected by the MAS rate, presumably as a result of its shorter duration. This is confirmed in Fig. 3a , where the efficiency of both multiple-quantum excitation (0 to -3Q) and conversion (-3Q to -1Q) is plotted as a function of the MAS rate, simulated for 87 Rb (I=3/2) with ν 0 =196.4 MHz, ν 1 =100 kHz, C Q =2 MHz and η Q =0. For excitation, for each value of ν R the value plotted corresponds to the maximum efficiency of triple-quantum excitation possible (i.e., the duration of the optimum pulse may vary). For conversion, the maximum efficiency for both single pulse (and, subsequently, for FAM-N pulses) was determined from FAM-N optimisations at each of the MAS rates. Fig. 3a confirms that the excitation pulse decreases in efficiency as the MAS rate increases, while the conversion pulse remains relatively unaffected. The efficiency of the FAM-N conversion pulse (also plotted in Fig. 3a , green line) also remains relatively constant with respect to the MAS rate. This might seem a little unexpected, given its typically longer duration, but as the optimisation process takes into account the sample spinning the pulse trains that result appear to compensate, at least to some extent, for this effect. The less smooth variation in this plot reflects the changes in the number and duration of pulses used in the FAM-N train, most likely as a result of the small numerical instability in the simulation (and the trade-off between cost and accuracy used in the optimisation procedure) and the similar efficiency of a number of related, but not identical, FAM-N pulses in any one case. When the optimum FAM-N pulses are examined there are some small differences in the pulse trains produced, with generally shorter pulses found for the higher MAS rates. Fig. 3b -e shows the effect of the experimental application of FAM-N conversion pulses at different MAS rates in 87 Rb MQMAS NMR of RbNO 3 . Projections from the indirect dimension of triple-quantum split-t 1 shift-echo MQMAS spectra are shown. (Note that the B 0 field, and also the appearance/resolution of the spectra, vary.) For faster MAS rates, the smaller rotor size restricts the signal-to-noise ratio and spectra were acquired with lower resolution (i.e., fewer increments) in order to reduce overall experimental times. As seen in the simulations in Fig. 3a , there is not a significant change in the improvement provided by FAM-N pulses at differing spinning speeds, although the best improvement is obtained at the lower MAS rates. Given the variability of experimental parameters with differing spectrometers (and even between experiments carried out on the same spectrometer on different probes), the FAM-N enhancement appears reasonably constant at high MAS rates. Although this experimental parameter is user controlled and can be specified directly within the optimisation, it should be noted that if a FAM-N pulse is optimised at one MAS rate, but applied at a significantly different rate, differences in efficiency may well be observed.
Effect of offset
The FAM-N optimisations are typically performed assuming that the frequency offset of the applied rf field relative to the isotropic chemical shift of a resonance is 0 (although this parameter could be included in the optimisation procedure if required). However, for samples with multiple sites with differing chemical shifts, each species cannot be placed on resonance simultaneously. Fig. 4 shows the efficiency of a FAM-N pulse optimised with no additional offset, but then applied at offset frequencies varying from +100 to −100 kHz. It can be seen that there is a greater variation in efficiency for FAM-N than for single-pulse conversion, but that FAM-N provides an increase over the conventional pulse over the range of offsets considered (i.e., from ± 100 kHz), ensuring that an advantage will be observed for most practically relevant cases. It should be noted that (although not easily seen on Fig. 4 itself) the maximum signal intensity is not obtained for the case of Ω=0, but at a slightly more positive value, reflecting the presence of an isotropic component for the second-order quadrupolar interaction. For the CT this has a powder averaged value of
, where A°(I, m I ) are spin-and transition-dependent coefficients (for the +m I ↔−m I transition) that can be found in the literature [7] ). For the system simulated here, ν QIS for the CT is −509 Hz. However, the maximum signal intensity in Fig. 4 is observed at a positive, not a negative, offset. This appears to correspond not to the isotropic shift of the CT, and also not to that for the (unobserved) triple-quantum spectrum (where A°(3/2, 3/2)=-3 A°(3/2, 1/2)=+1527 Hz), but is somewhere in between. This probably reflects the dependence of the FAM-N pulses on both CT and 3Q offsets. Similar types of effects have been seen for spin-locking of quadrupolar nuclei [49] .
Applications and limitations
In order to investigate the experimental robustness of the FAM-N approach (e.g., to samples with multiple different sites with differing C Q values and/or to nuclei with higher spin quantum number) FAM-N conversion pulses were implemented in split-t 1 Nb (I=9/ 2) NMR of a 1:1 mixture of LiNbO 3 and NaNbO 3 . Projections of the indirect dimension of the MQMAS spectra are shown in Fig. 5a , c, e and g, respectively. In each case, the duration of the single pulse was optimised experimentally, while the FAM-N pulse was used without any experimental reoptimisation. For the FAM-N optimisations, accurate values of the rf field strength (as measured on a sample with C Q =0) and MAS rate were used. In some cases, the C Q and η Q values chosen for the optimisation were those for one of the sites in the sample (known from the literature) while, in others, an "average" or "intermediate" value was chosen (as described below). Fig. 5b, d , f and h show simulations of the efficiency of both single and FAM-N conversion pulses used in the experiments as a function of C Q [37] . The C Q value used for the FAM-N optimisation is indicated by a solid black line, and the C Q values for each of the sites in the sample are shown by dashed lines. Note that the plots do not consider any variation in η Q , and this may lead to some small differences between experimental efficiencies and simulations. In all simulations, the effect of the excitation pulse was not taken into account, but this will have an impact on the absolute and relative intensities observed in experimental spectra [13] . However, the relative signal intensities observed for spectra recorded with single and FAM-N conversion pulses (given in Table 1 for both experiment and simulation) is not affected by the efficiency of the excitation pulse.
For Na 4 P 2 O 7 , there are four distinct Na sites, each of which have similar C Q values (shown in Fig. 5b ), which can be resolved easily using MQMAS and have been assigned only relatively recently using NMR crystallography [50, 51] . The FAM-N pulse used experimentally was produced using C Q =2.0 MHz (and η Q =0) in the optimisation. All four Na species are well resolved in the MQMAS spectrum (shown in Fig. 5a ), and exhibit a very similar enhancement (of a factor of~2) when FAM-N conversion is used. Fig. 5b shows that while the singlepulse conversion efficiency decreases steadily as C Q increases (over the range considered) the FAM-N efficiency (although consistently much higher) does show some variation, but is most efficient at the value for which it was optimised. The relative intensity of the resonances observed experimentally (Na1 > Na3 > Na2≈Na4) when FAM-N is used is consistent with that predicted by simulation (with the small relative differences probably due to the different efficiencies in the excitation pulse). The enhancements using FAM-N observed experimentally appear smaller than those predicted theoretically in all cases (Table 1 ). However, in each case, Na2 shows the lowest enhancement, and Na3/Na1 the highest enhancements. As described above, the application of FAM-N to I=3/2 systems is fundamentally different from its use for systems with higher spin quantum number, where other symmetrical multiple-quantum coherences are present, more than one type of ST exists, and the pulses produced are typically longer (both in the total number of pulses and the total duration of the pulse train). This latter point may provide a possible explanation for the enhancement differences observed between experiment and theory, as it might be expected that relaxation processes may play a more significant role. Table 1 also shows that the discrepancy between theory and experiment is greater for this sample than for the results obtained for higher spin systems. Additional explanations for the discrepancy observed here will be considered in more detail in a later section. Among the commonly-studied quadrupolar nuclei, 27 Al has one of the largest ranges of ν Q observed for typical samples [1] [2] [3] . Kyanite, a silicate mineral typically found in metamorphic and sedimentary rocks, is one of the polymorphs of Al 2 SiO 5 , and has four distinct Al sites (with C Q values ranging from~4 to~10 MHz), which are known to be difficult to resolve (and indeed to assign) by MQMAS at moderate field owing to the similarity of the Al1 and Al4 species, but have been resolved in experiments with higher sensitivity (i.e., those enabling higher resolution without a significant signal-to-noise penalty) including CPMG-MQMAS and STMAS [52, 53] . The FAM-N pulse used for this challenging sample was optimised with C Q =6.0 MHz and η Q =0 (i.e., an "average" C Q value). Although the absolute intensities observed experimentally again differ from those predicted by simulation (for the reasons discussed above), the relative efficiency of experiments carried out using FAM-N are similar between Fig. 5b and d . Simulations show that FAM-N conversion is most efficient for the site with parameters closest to those used in the optimisation, although good efficiency is observed over the wide range of C Q values considered. The poor efficiency of the single-pulse conversion at higher C Q values (but the good efficiency of FAM-N at these values) results in similar enhancements for Al1/Al4 and also for Al3 where the pulse is most efficient. Good sensitivity is seen for Al2 (with the lowest C Q value) but the enhancement is poorer owing to the increased efficiency of single-pulse conversion. Overall, and unlike Na 4 P 2 O 7 , the magnitude of the improvement predicted by simulation is reflected in experiment. Furthermore, the much larger range of C Q values present ensure that the effect of neglecting other factors, e.g., η Q or Ω, is less significant. Fig. 5c shows the 45 Sc isotropic MQMAS spectrum of Sc 2 O 3 , which contains two distinct Sc sites with very different C Q values (~15.3 MHz and~23.4 MHz) [54] . Given the large difference in C Q , and the poor efficiency of single-pulse conversion at higher C Q values, the FAM-N pulse was optimised with C Q =23.4 MHz. The enhancement obtained experimentally using FAM-N is of similar magnitude to that predicted in the simulation, although the enhancement seen for Sc2 is greater experimentally than that predicted (and seems to be better than that obtained for Sc1). It should be noted that, although simulated for a system with C Q =23.4 MHz, the FAM-N pulse produced is predicted to have an optimum efficiency at a slightly lower C Q value (~22 MHz). It may be that this difference results from the large η Q for Sc2 (0.62), the effect of which is not included in the simulation in Fig. 5f . If the efficiency of the FAM-N pulse used is simulated for a site where C Q =23.4 MHz and η Q =0.62, the enhancement predicted increases from ×1.4 ( Fig. 5f and Table 1 ) to ×1.6, which is indeed closer to experiment. It should also be noted that the larger the values of C Q used in the FAM-N optimisation, the longer pulse trains tend to be produced, which can also can result in small differences between experiment and theory. 93 Nb is a spin I=9/2 nucleus, with high natural abundance and high γ. For relatively symmetrical (i.e., NbO 6 ) environments C Q values are sufficiently small that MAS (and, therefore, MQMAS/STMAS) experiments are feasible at moderate B 0 and moderate ν R [47, 55, 56] . LiNbO 3 and NaNbO 3 , which adopt perovskite (or perovskite-type) structures, have a single Nb site with similar C Q , but different values of η Q (0.2 for LiNbO 3 and 0.8 for NaNbO 3 ) [47, 55] . It has been shown that samples of NaNbO 3 can contain more than one room-temperature polymorph (i.e., both Pbcm and P2 1 ma polymorphs often co-exist, depending on the synthesis route), although all have very similar 93 Nb NMR parameters [55, 56] . Therefore, the C Q value shown on Fig. 5h was obtained from a fit of the 93 Nb MAS spectrum of the NaNbO 3 sample used in this work (with C Q =19.5 MHz and η Q =0.8). The FAM-N pulse was optimised for C Q =20 MHz and η Q =0.0. Under the conditions specified the optimum FAM-N pulse produced is composed of only two pulses, and results in relatively low enhancements both theoreti- cally and experimentally. As shown in Fig. 5h , the FAM-N efficiency is predicted to be very similar for both C Q values. However, the steady decrease in efficiency of the single pulse conversion results in a slightly better enhancement for LiNbO 3 , a prediction that is reflected experimentally (as shown in Fig. 5g ). The magnitude of the enhancement obtained experimentally is in good agreement with that predicted in simulation, and this remains the case even when η Q is included in the simulation (with changes in the enhancements of only 1-3%).
Applications to more challenging systems
The experiments discussed above, and those shown in previous work [37] confirm that FAM-N pulses produce a significant improvement in the ± 3 to ± 1 conversion efficiency for a wide range of materials, for nuclei with differing spin quantum number and varying C Q values, with no experimental optimisation, even when exact NMR parameters are not known. These properties make FAM-N particularly attractive for use on more challenging samples, i.e., with very poor sensitivity, where experimental optimisation of a complex composite pulse is usually not possible. Poor sensitivity may result for species with low γ, low natural abundance, or large quadrupolar interactions (or indeed from combinations of these). It is for these "real" samples that FAM-N should prove invaluable in improving sensitivity, or perhaps even just to enable a spectrum to be recorded. Fig. 6 shows four examples of the application of FAM-N to challenging samples, with the theoretical and experimental enhancements in each case given in Table 2 . Fig. 6a shows isotropic projections of 71 Ga MQMAS spectra (acquired at a MAS rate of 33.3 kHz using single pulse and FAM-N conversions) of GaPO 4 (berlinite), which exhibits a single 71 Ga site with a C Q of 8.8 MHz [57] . At moderate field (i.e., 14.1 T, in house) this is towards the upper limit of ν Q PAS values (~2.2 MHz) that it is feasible to consider for MAS and MQMAS experiments. As C Q values and, therefore, second-order quadrupolar broadening increase, faster MAS rates are required to obtain powder lineshapes that are well separated from spinning sidebands. At 14.1 T, the 71 Ga CT MAS lineshape for berlinite is~27 kHz in width, necessitating MAS rates above this to be used. The use of fast MAS, however, poses additional limits on sensitivity, owing to the smaller rotors used, even if experiments are equally efficient as the spinning speed increases. Fig. 3 showed that the efficiency of FAM-N remains reasonably constant at high MAS rate, suggesting it is an appropriate method for increasing sensitivity for species with high C Q subject to rapid MAS. Fig. 6a shows an experimental enhancement of a factor of 3, in reasonably good agreement with that predicted theoretically (3.3), although, as above, the longer pulse trains that result for spin I=3/2 nuclei, probably contribute to any differences. The poor sensitivity for this sample is clear, despite the long acquisition time (~52 h). The large C Q value does result in significant lineshape distortions in MQMAS experiments (owing to the non-uniform triple-quantum excitation and conversion with respect to crystallite orientation), making it extremely challenging to fit the quadrupolar lineshape. The centre of gravity of the lineshape can be easily determined from the FAM-N MQMAS spectrum, giving P Q =9.2 MHz, in good agreement with the literature [57, 58] . Projections of 27 Al MQMAS spectra of the andalusite polymorph of Al 2 SiO 5 , acquired using single pulse and FAM-N conversion pulses, are shown in Fig. 6b . Andalusite has two 27 Al sites, with C Q values of 5.6 and 15.3 MHz, labelled here as Al1 and Al2, respectively [59] , posing a significant sensitivity challenge for conventional MQMAS. Furthermore, the very large C Q (ν Q PAS =1.15 MHz) and spin quantum number result in the presence of a third-order splitting in STMAS spectra, limiting resolution [15, 60] . Although this can be removed by a modification of the STMAS experiment (SCAM-STMAS) [15, 61] , the additional pulses required do decrease sensitivity, and MQMAS experiments (which are unaffected by this interaction) remain a useful alternative if sensitivity can be improved. The FAM-N pulse used in Fig. 6b was optimised for the site with the largest C Q value (Al2), and shows an experimental enhancement of ×1.3 for Al1 and ×2.2 for Al2, in good agreement with the values predicted theoretically (and given in Table 2 ). The poor sensitivity of conventional MQMAS is clear, with the signal for Al2 just above the level of the noise, and NMR parameters cannot be easily extracted. In contrast, the sensitivity advantage of FAM-N conversion enables the centre of gravity of the lineshapes to be easily determined and NMR parameters to be extracted that are in good agreement with previous literature [59] .
Brucite is the mineral form of Mg(OH) 2 and contains a single distinct 25 Mg species, with C Q =3.1 MHz and η Q =0 [44] . 25 Mg NMR can be challenging, as this isotope has a natural abundance of 10%, a low γ and typically large quadrupolar broadening (partially as a consequence of the low γ). Furthermore, the low γ also restricts the available B 1 fields, reducing the efficiency of triple-quantum filtration. However, 25 Mg STMAS spectra of brucite have been obtained for both enriched (99%) and natural-abundance samples, in 6 and 66 h, respectively [62] . Both spectra showed evidence for a third-order splitting, suggesting efficient MQMAS experiments may provide a desirable alternative. As only a single 25 Mg species is present for brucite, the enhancement provided by FAM-N conversion pulses can be measured simply by a triple-quantum filtered experiment, as shown in Fig. 6c , rather than a time-consuming complete two-dimensional experiment. In order to improve overall sensitivity, experiments have been carried out at 20.0 T. Despite the poor sensitivity, the enhancement obtained experimentally using FAM-N (see Table 2 ) is ×3.3 (lower than the theoretical prediction of ×4.8). Although there is an overall improvement in sensitivity, there does seem to be a significant lineshape distortion observed in the FAM-N experiment, (although it should again be noted that the conventional MQMAS experiment also produces lineshape distortions, particularly at low rf). This distortion is also reproduced in simulation (see the Supporting Information), showing it results from FAM-N conversion rather than other experimental imperfections. It is possible to estimate the "amount of distortion" of a given lineshape by defining it as the standard deviation of 〈I CT 〉 for the different crystallite orientations. For brucite, a single pulse conversion gives a deviation in the magnitude of 〈I CT 〉 of 38% (0.119 ± 0.045) and a phase distortion of ± 7.4°, while FAM-N conversion results in 41% (0.534 ± 0.218) and ± 16.2°. Although FAM-N conversion produces a more significant variation in the amplitude, this is very similar to the single pulse conversion when expressed as a % of the total magnitude. There is a slight increase in the phase variation when FAM-N is used. In general, no significant difference in the "amount" of lineshape distortion Table 1 Theoretical (assuming no variation in η Q ) and experimental signal enhancements found when using FAM-N pulses compared with a single pulse for the conversion of triplequantum coherences to CT coherence of the same sign for the systems in Fig. 5 produced by FAM-N is expected, but the distortions observed are different (i.e., different crystallite orientations are underrepresented in the two different spectra). Although the enhancement observed is slightly lower than that predicted theoretically, it is significant (giving a time saving of a factor of~11) and was achieved without any experimental reoptimisation of the FAM-N pulse, emphasising the applicability of this approach to systems with low sensitivity where experimental optimisation is not possible. Approximately 85% of NMR-active nuclei have γ lower than that of 13 C. This includes 39 K, where the low γ not only limits sensitivity, but also increases the magnitude of the second-order quadrupolar broadening and restricts the available rf field strength, as discussed for 25 Mg above. However, in contrast to 25 Mg, 39 K has a 93% natural abundance, and typically exhibits low C Q values (~0-1.5 MHz) and so is usually an easier nucleus to observe. Fig. 6d shows the isotropic projections of 39 K triple-quantum MAS NMR spectra of K 2 SO 4 , recorded using a single pulse and a FAM-N pulse for multiple-quantum conversion. This material possesses two distinct 39 K species, with δ iso =-6 ppm, C Q =0.95 MHz, η Q =0.05 (labelled K1) and δ iso =6 ppm, C Q =0.85 MHz, η Q =0.95 (labelled K2) [62, 63] . Note the labels used here do not refer to crystallographic species. In previous work, high-resolution spectra were obtained using STMAS, but the authors were unable to obtain MQMAS spectra at the field used (9.4 T) [62] . The spectra in this work were acquired at 18.8 T, and the FAM-N pulse was optimised using C Q =0.9 MHz and η Q =0. The enhancements observed experimentally (×3.6 and ×3.0) are in good agreement with those predicted theoretically (×4.0 and ×3.5). This confirms the observation in Fig. 2 that FAM-N enhancements are expected to be higher when low rf field strengths are used, and is one of a few cases for I=3/2 nuclei where the simulation accurately predicts the magnitude of the signal enhancement. The sensitivity obtained at 18.8 T in 32 h not only enables both sites to be resolved, but also for cross sections to be extracted and fitted to obtain accurate quadrupolar parameters for both sites. Forsterite (α-Mg 2 SiO 4 ) is the Fe-free end member of the olivine solid solution, and as Mg 1.8 Fe 0.2 SiO 4 , is the principal component of the Earth's upper mantle. As such, this has led to significant interest in its study using NMR spectroscopy and supporting first-principles calculations, which are summarised in Ref. [64] . Although extensive 17 O and 29 Si NMR studies exist, relatively few 25 Mg investigations have been undertaken, owing to the less favourable properties of this nuclide, discussed above. The 25 Mg quadrupolar parameters were initially measured using single-crystal NMR spectroscopy [65] and the values determined supported by first-principles calculations [64, 66] . Forsterite contains two distinct Mg species (Mg1 with C Q =5.3 and η Q =0.99 and Mg2 with C Q =4.4 and η Q =0.4), which appear overlapped in the MAS spectra at moderate to high fields, requiring high-resolution methods to be employed. However, the high C Q values, and low rf fields, pose a significant experimental challenge. Although Davis et al. were able to obtain a (natural abundance) 25 Mg MQMAS spectrum [67] , this experiment was carried out at 19.5 T, using a probe optimised to produce high rf field strengths at low frequencies and employed SPAM pulses for sensitivity enhancement. Fig. 7a shows MAS and CPMG-MAS NMR spectra (shown both as spikelets and as summed echoes) of forsterite, acquired at 18.8 T. The two lineshapes are overlapped at this field strength, although their contributions to the CPMG-MAS lineshape are simulated in Fig. 7b . The MAS spectrum (recorded in 9 h) displays poor sensitivity, while the use of CPMG enables a spectrum with much better sensitivity to be acquired in half of the time (5 h). This improvement is a result of the very long T 2 relaxation times (exceeding several hundred ms), enabling multiple echoes to be acquired, and resulting in very narrow spikelets. In order to resolve the two Mg sites, MQMAS is required, and Fig. 7c shows a two-dimensional MQMAS NMR spectrum of forsterite, acquired at 20.0 T, using FAM-N for conversion of multiple-quantum coherences. The lineshape attributed to Mg2 is clear in this spectrum but there is little signal observable for Mg1. This site has both a larger C Q value (and so less efficient excitation and conversion of multiplequantum coherences), and a larger η Q (and so larger P Q ), resulting in a much broader, lower intensity, line that is more difficult to observe when sensitivity is poor. Furthermore, this site appears to exhibit slower T 1 relaxation. This explains the unexpected difference in relative intensities for the two Mg sites in the MAS spectrum (1.9:1 in Fig. 7a , acquired with a recycle interval of 35 s, rather than the 1:1 expected from the crystal structure). Relaxation measurements (using a CPMG saturation-recovery experiment) revealed a T 1 value of~25 ± 6 s for Mg2, but in excess of 90 s for Mg1. As with MAS spectra MQMAS sensitivity can also be improved using CPMG in acquisition, as described earlier [34] , and some signal is now observed for Mg1 (Fig. 7d) , enabling the position of the resonance in the isotropic dimension to be determined unambiguously. Although a clear quadrupolar lineshape cannot be extracted, it is possible to extract the position of the centre-of-gravity of the lineshape and estimate a P Q MAS-CPMG NMR spectra of α-Mg 2 SiO 4 (14.1 T, 13.333 kHz, 38 h) with (e) a single pulse and (f) FAM-N used for conversion of multiple-quantum coherences.
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value (~6.3 MHz) that is in reasonable agreement with the literature (5.8 MHz), given the sensitivity. It is difficult to measure the enhancement provided by FAM-N from two-dimensional MQMAS spectra given the long acquisition times, but this can be estimated from the triple-quantum CPMG-MAS NMR spectra (acquired at 14.1 T) shown in Fig. 7e and f. The experimental improvement can be estimated to be ×1.9 for Mg2, in good agreement with the theoretical prediction of ×2.0. Although a similar improvement is predicted for Mg1 (×2.4), it is not possible to determine the experimental value from the spectra in Fig. 7e and f. This suggests that a corresponding spectrum to that in Fig. 7d acquired with a single pulse for conversion of multiple-quantum coherences would take 352 h (15 days) to obtain, showing the applicability of FAM-N pulses for use on challenging samples.
Other effects
We have shown (both here and previously) that considerable sensitivity enhancements can still be obtained with FAM-N pulses when they are applied at conditions that vary from those used in the optimisation process (either because not all relevant information is available in advance or owing to the presence of multiple sites with different NMR parameters). Any differences in the parameters used/ found experimentally will inevitably result in experimental enhancements that differ from those predicted theoretically. However, in some cases, the enhancements obtained in experiment show more significant differences to theory than expected. For example, the 23 Na MQMAS NMR spectrum of Na 4 P 2 O 7 shown in Fig. 5a exhibits a considerably lower enhancement (by a factor of~2) upon the inclusion of FAM-N pulses than predicted theoretically. This is not expected to be a particularly challenging system, and although four sites are present their NMR parameters are more similar than many of the systems discussed above.
In order to investigate possible causes for the difference in experimental and theoretical enhancements for 23 Na NMR of Na 4 P 2 O 7 , the effect of additional parameters on the performance of FAM-N pulses need to be considered. A FAM-N pulse is initially optimised using a set of typical/average 23 Na NMR parameters (in this case, B 0 =14.1 T, C Q =2 MHz, η Q =0.0, ν 1 =95.8 kHz, ν R =12.5 kHz). The optimised pulse train produced is composed of 12 alternating pulses, and has a total duration of 9.59 μs. Maximum conversion efficiency with a single pulse under similar conditions is obtained with a pulse of duration 1.5 μs. The maximum enhancement produced by such a pulse is ×3.3. Table 3 shows the amounts of signal obtained in simulation (and the relative enhancement ratios) when single and optimised FAM-N conversion pulses are applied under a range of different conditions. The theoretical efficiencies of the two conversion pulses for species with C Q values corresponding to those for the four Na species in Na 4 P 2 O 7 is shown in Table 3 (column headed C Q ). Although now being applied under conditions that vary from those for which the FAM-N pulse was optimised, the predicted enhancement (over a single pulse) from using FAM-N increases (e.g., for Na3 from ×3.3 to ×4.3). This does not reflect any increase in efficiency for FAM-N, which remains the same for Na2 (which has C Q =2 MHz), and decreases for Na2, Na3 and Na4, but from the decreased efficiency of single pulse conversion as the C Q value increases. (These efficiencies correspond to those simulated in Fig. 5b ).
In reality, the four Na sites do not have η Q =0 (as used in the FAM-N optimisation), and it might be expected that applying FAM-N to species with higher η Q will again reduce the efficiency. Table 3 shows this is indeed the case (column headed η Q ) and, as the single pulse efficiency is not affected significantly by a variation in η Q , the predicted FAM-N enhancement decreases. The four Na species also exhibit differences in their isotropic chemical shifts (from -5.3 to +3.2 ppm). However, Table 3 shows that this produces very little difference in the efficiency of multiple-quantum conversion using single pulses or FAM-N pulses, and only small changes are seen in the enhancement ratios (column headed δ iso ). This observation is in agreement with the simulation in Fig. 4 , which showed FAM-N pulses had very little offset dependence over the shift range considered here.
One additional difference between experimental application of FAM-N pulses and theoretical simulations of their efficiency is the possible effects of relaxation. The FAM-N pulse trains are in most cases much longer than the single pulses used for multiple-quantum conversion, and so the effects of relaxation might be considered to be of greater importance. For the case considered here, the two pulse durations are 9.59 and 1.5 μs, respectively. While it is not possible to include relaxation in the theoretical simulations, and it is difficult to measure relaxation (or relaxation differences) between sites in a multidimensional experiment, an estimate can be obtained from the Na1-Na4 linewidths in the isotropic dimension of the MQMAS spectra in Fig. 5a (which are affected by evolution under both single-and multiple-quantum coherences). To attempt to account for this, the efficiency of the FAM-N conversion pulse was scaled by exp (−(τ FAM-N −τ single )/T 2 (iso)), where τ is the length of the two types of pulse, as shown in Table 3 (column headed T 2 (iso)). Only a small change in efficiency is observed, with the highest loss seen for Na2, which exhibits the broadest line.
The experimental efficiency of all pulses is also reduced by hardware-related factors. Many are difficult or impossible to take into account (e.g., the accurate generation of pulse lengths, the errors in rf calibration or the variation of this quantity across the sample, detuning of the probe during an experiment, etc.,), but the effect of the probe itself can be estimated. The probe can be considered as a bandpass RLC circuit, characterised by a resonance frequency (ν rf ) and a pass-band width. The effect of an electronic filter on an alternating voltage is described by a transfer function H F (defined in the frequency domain by U s /U e , where U e and U s are the voltages applied by the amplifier and observed at the terminals of the RF coil, respectively). Although the typical maximum excitation bandwidth of a conventional NMR probe can be estimated as~200 kHz, the fast phase changes required by FAM-N are equivalent to a frequency more remote from ν rf , and are, therefore, attenuated. This results in a rise time (i.e., the time required by a voltage from the amplifier to appear at the terminals of the rf coil), which can affect the efficiency of the pulses. It is difficult to determine the related transfer function theoretically, but the rise time can be measured directly using an oscilloscope, and a transfer function Table 3 Amount of simulated 23 Na CT coherence generated from unit triple-quantum coherence of the same sign, using either a single pulse or FAM-N conversion pulse, and the corresponding theoretical enhancement ratios, when pulses are applied to the four distinct Na species in Na 4 P 2 O 7 . The effect of applying the initial (or ideal) FAM-N pulse at different conditions (including the correct C Q , η Q and δ iso ) and some estimation of the effects of relaxation and the probe hardware are included. constructed to reproduce this. Fig. 8a and b shows the transmitted and reflected voltage for the probe used for the experiments on Na 4 P 2 O 7 , respectively, as measured on an oscilloscope, showing that the reflected power disappears only after 500 ns from a voltage change. A simple transfer function can be constructed using Matlab ("fdesign" command). Rather than using a bandpass filter (centred on ν rf ), a lowpass filter with a passband frequency of 200 kHz (passband attenuation 0.1 dB) and a stopband frequency of 8 MHz (stopband attenuation 12 dB) was used. The expected response of the probe (determined from the convolution of the Fourier transform of the transfer function and the applied voltage) is shown in Fig. 8c (and confirms a rise time of 500 ns). The effect of this transfer function on the FAM-N pulse used for 23 Na MQMAS NMR of Na 2 P 2 O 7 is shown in Fig. 8d . Using this modified FAM-N pulse in the simulation gives the enhancement ratios shown in Table 3 (column headed filter). Although the filter has a significant effect on the efficiency of the FAM-N pulse (reducing it bỹ 20%), the efficiency of single pulse conversion of triple-quantum coherences is also reduced, resulting in a very similar enhancement ratio. Therefore, despite a considerable effect on the pulse used, the impact of the probe and filter on the relative efficiencies of FAM-N and single conversion pulses is not very significant. However, it is possible that the efficiency of the single pulse, which can be easily reoptimised experimentally, could be improved, while this cannot be easily achieved for FAM-N. The final column of Table 3 shows the enhancement ratios obtained using FAM-N pulses affected by the filter (i.e., the same efficiency as in the column headed Filter), but where the single pulse efficiency is returned to the maximum obtained previously (i.e., an "ideal" case). The values are closer to those obtained experimentally. In general, the ability to easily optimise a single pulse experimentally and, therefore, account for any experimental imperfections that may be present, may go some way to explaining the differences between experiment and theory shown in Table 1 .
In general, Table 3 reveals that the most important parameter to include when optimising a FAM-N pulse is C Q , and while good enhancements are achieved over a wide range of C Q values, if an estimate of C Q is available this will provide a considerable advantage.
Most other changes considered produce only a small loss in signal, although inclusion of η Q has perhaps the most significant effect, suggesting that if this is known (or is similar for all sites present) it should be included in the optimisation. Although it seems including an estimation of the effects of relaxation (during the longer FAM-N pulse train), or the effects of pulse rise time, does not have a significant effect for Na 4 P 2 O 7 , this might not be the case for all samples considered, and this may lead to differences between experimental and theoretical enhancements, particularly for I=3/2 where longer FAM-N pulses are typically produced.
Conclusions
FAM-N pulses provide an easily-implemented method for the improvement of the efficiency of multiple-to single-quantum conversion in MQMAS. The easy, automated high-throughput optimisation enables pulses to be generated rapidly, and these can be used without experimental reoptimisation, if required, providing signal enhancements typically between ×1.5 and ×5. In contrast to most previous methods, there are no restrictions on the pulse lengths that are considered in subsequent units, and the penultimate pulse is automatically reoptimised upon addition of the next, enabling a much wider variety of pulse trains to be considered. Most efficient pulses are generated when information on the MAS rate and rf field strength (both, in principle, under the control of the user) is included, and enhancements are improved if prior knowledge of the C Q value (or at least a limit on this) is known. However, excellent signal enhancements have been observed when FAM-N pulses are applied to species with NMR parameters different from those for which they were optimised, and on samples with multiple (and different) species present, demonstrating their robust nature. Much less significant improvements in efficiency were observed upon the inclusion of η Q values (although these could be included if known exactly). FAM-N pulses also display a good tolerance with respect to offset variation, with improved performance over a single pulse observed for offsets of ± 50 kHz (i.e., under all conditions applicable to experiments at moderate-high field and 
moderate-fast MAS).
We have also demonstrated in this work the applicability of FAM-N pulses at higher MAS rates (i.e., up to 75 kHz), where it might have been expected that the longer pulse durations that result may lead to lower enhancements, but little variation was observed. The application of FAM-N pulses to nuclei with I > 3/2 was also shown, extending the initial work, and excellent enhancements were observed in all cases. However, it was noted that pulse trains tend to be shorter as I increases, reflecting the presence of multiple STs that may be affected by modulated pulses and many other transitions within the spin system to which coherences may be transferred. Application of FAM-N pulses to much more challenging systems, i.e., those with low γ, low natural abundance, large second-order quadrupolar broadening and where only low rf field strengths are achievable was demonstrated. In these cases, experimental reoptimisation of any composite pulse is not possible (and indeed enhancement techniques may be required simply in order to acquire a spectrum). The robust nature of the FAM-N pulses, and the ability to obtain significant signal enhancement even when applied under varying conditions demonstrates they are a useful addition to the MQMAS approach, extending its potential application.
In general, the experimental enhancements achieved were in good agreement with those predicted theoretically, although best agreement was obtained for systems with I > 3/2, probably as a result of the shorter pulse trains that result. Differences between experiment and calculation for I=3/2 nuclei were investigated more thoroughly for 23 Na NMR of Na 4 P 2 O 7 , which contains four distinct Na species, with the effect of applying an ideal FAM-N pulse to species with different C Q , η Q and δ iso considered. Although a variation in efficiency is observed, the theoretical enhancement remains considerably higher than that seen experimentally. Little effect was observed upon the inclusion of the effects of differential T 2 relaxation (estimated from the linewidths in the indirect dimension of MQMAS experiments). However, the effects of the probe itself (i.e., simulating the rise time of the pulse using a transfer function that models the probe as a filter) did produce a more significant change in the FAM-N efficiency. Although a drop in the efficiency of single-pulse conversion was also observed, resulting in a similar theoretical enhancement ratio, it is much easier to account for this experimentally, restoring optimum transfer efficiency, suggesting this is the origin of the differences observed between experiment and theoretical predictions (particularly for the longer pulse trains with shorter units observed for I=3/2 systems).
It should be noted that although we have chosen to automate the optimisation of a specific type of pulse, in principle, optimal control theory [68] provides much greater flexibility for optimising systems that exhibit many degrees of freedom. This has been employed in NMR spectroscopy to replace traditional hard pulses with flexible waveforms essentially consisting of a large number of short pulses of variable phase and amplitude. Although applied to date in MQMAS only for triple-quantum excitation [31] , this approach has been used for population transfer prior to the application of a CT selective pulse [69] , conceptually similar to the coherence transfer process in multiplequantum conversion. The complexity of the optimisation may result in global solutions becoming increasingly difficult to identify as the variable space over which the search is performed increases, in contrast to the FAM-N approach considered here where simplicity is the primary aim. However, optimal control theory may offer interesting possibilities for future development.
Although STMAS experiments offer significant sensitivity gains over MQMAS (e.g., factors of 2-5), the more difficult experimental implementation of this approach, and its sensitivity to higher-order effects (e.g., third-order quadrupolar interactions) and microsecondtimescale dynamics, does ensure that there is still a need for more sensitive MQMAS experiments. We believe FAM-N pulses offer a simple, robust and efficient approach for the improvement of MQMAS experiments and will enable an increase in their applicability to more challenging, but more important and more interesting, systems.
